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by 
&. JULIA 
SURAITTON TC VRE OPP ANTMERT cF PHTtICS 
ON @8 SAY 1993 IR FARTTAL PULPFILLARNT 
GF THE REQUIPEMESTS POX THE ORGSKE OF 
MASTEN OF BCIEMCE 


IR 8h cticapt to relate the au ®esen to the quanta 
of the nuglear foree field, “Yenvtzel faa presesed a theory 
‘in whieh the pi meson is esumntially a quantum etete of a 
@u meson pair. Geesuse of the antielrated low crose seetion 
for the process, and the low e7ficileney for detection of pair 
produetion, a stuiy of the deteetion problem was needed bde- 
fere & meaningful experiment oculd be undertaken. 


Yhe general deteeter requirements have been anayisea, 
and a high effictensy deteeter aanifold hae been cesigned and 
constructed. 


7he detection efficiency, and exoereted counting retes 
Tor pair orodustion by elther the Wentrelian precess, or an 
electromagnetic process, hare been saleulated for several 
target elenents,. 


“saponee teste have been made of the fast GENS so- 
Aneidence circuit, and of the Model 402 distributed amplifiers, 
preliminary to their use ta the excerimsent. 


A prelicinary aet of experimenta, with modified de- 
teotor syatexne, Aas been ecndtveted in the Synchrotron dean 
te resclve shielding, ecllimation, and beekground probleme. 
Prom these experiments, an upper liait hae been setapiished 
For the Yentsel production Crees section 2t 2.6 x 16° tines 
the clectromeagnetia creas ceetion. Tala le shout the sae 
Li@it setablished by Martinelli and hie eo-workers «6 the 
University of California. 


Finel easeubly and bench testing of the detector 
systeo Le currently underway, in antiolretien of an early 
ran with the Synshretron. 


Theale Gupervieer..cccicevccccuvosocssesevessssbGgrnard T. Feld 
Protesroer of Fhysics 
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CHAPTER I 
INTRODUCTION TO THE FP ROBLEM 


Experiment indicates that mu-mesons are not produced, 
singly, in nuclear interactions, although pi mesons can be pro- 
duced, and with relatively high cross-sections. The appearance 
of the mu has always been traced to the deesy of a parent pi 
meson. Moreover, the pi meson has been observed to interact 
strongly with nucleons, while insignificant nuclear interaction 
is known to occur with single mu mesons. 

However, these observations do not necessarily mean 
that the mu meson is completely unrelated to the quanta of the 
nuclear force field. Wentzel has proposed a theory in which the 
pi meson is essentially a quantum state of a mu meson pair 
(muon--antimuon) .+ In this theory, the nuclear interaction, 
and creation, of a single mu meson is expected to be very small. 
However, Wentzel has suggested that a consequence of the ex- 
citation of the nuclear field would be an appreciable production 
of mu meson vairs (as compared, for instance, to single pi mesons).. 

It 1s to be observed that it should also be possible to 
create mu meson pairs, with photons of adequately high energy, 
by an electromagnetic process analagous to Dirac electron-pair 
Se etuetzen.” (Such an event assumes the mu to be a Dirac parti- 
cle.) 


1 
Wentzel, , ee Tom Ve. (7a) 


eparee, P.A.M., Quantum Theory. 
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in order thet an atterpt to cbserve these vrocesecs 
be meaningful, a quantitative analysis of the detection problem 
was needead in view of the ponsibility that the Wentgelian crose- 
section may be very omali.® 

Thie paper presents such an analysis with emphasis on 
detector cesign. The various factors entering inic detestion 
efficiency are explered to indicate optimum geonetries, and a 
‘new type of detector has been conetructed to realize the optiaum 
efficiency as closely aa consible. 

Meson electronics, slready on hand, Rave been ndapted, 
with some medifications, to this experiment. Data anve been 
taken to establian the functioning cf the electronice, snd to 
resolve shielding and housing problee. 

the caleulation of expected csounting rates has been 
carried forward in some detail for the electromagnetic process 
asp well as the Wentzelian, in order to provide a geod cospariasn 
of the relative weights of each at the quanta energies available 
in the KIT Synehrotron beam. Anprosrinats extrapolation te other 
Synehrotron energy spectra and intensities can easily be sade. 

Detection of either wode of production would be signifie . 
cant, and in particular the WYentzelian, which might reveal the 
respective roles of the pi and mu in nuclear interactions. 

Cne previous attempt has been made to detect su pairs-- 
by Mather, Martinelli, and darmis with the University of Calif- 
ornia 322 Nev Sremastrahlung. Their experiment suffered from 


very high backgrounds, and detector bloeking, due to high electron 





“suggested by Dr. A. Wattenberg and Dr. B.T. Feld of the 
siT Synchrotron Laboratory. 
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fluxes, but they were able to assign an upper limit to the 


Wentzelian production cross-section as 2 x 10° larger than the 


expected electromagnetic cross section. * 





“Mather, Martinelli and Jarmie, UCRL 1166 W 7405-eng-48, 
University of California. 








CHAFSER IT 
DETECTION IN GENERAL 


The proposed experiment involves the detection of mu 
meson pairs produced by the Eremsstrahlung of the HIT Synchro- 
tron interacting with a suitable target. 

With the existing electronics, detection of a single 
mu meson depends on a delayed coincidence between the meson 
pulse and the decay electron pulse. Detection of a pair of 
mesons will involve some type of final coincidence between the 
delayed coincidence pulses of each meson. 

To measure the pair production, a certain basic ge- 
ometry is envisioned. Figure 2-1, illustrates this geometry 
and the associated essential electronics in bloek diagran. 

Desirable features for the measurement are as follows: 

1. The separate meson signals must be in fast co- 
incidence: a) to reduce the accidentals rate 
from the high flux of electrons and other 
particles at the detector positions; and 
b) to improve their cognizability. 

2. For highest efficiency, all mesons with enough 
energy to leave the target and pase into either 
detector must be required to decay in the 
detector. The greatest meson range must lie 
within the meson detector dimensions. In 


other words, the detector should be as long 


as practicable. 
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3. The decay electron (mean life ~2 microsec) must 
be observed in detectors physically separated 
from the meson detector to preclude ambiguity in 
meson and electron vulses in cases of very fast 
decay, and to negate the effects of phototube 
“after pulsing." It also appears desirable to 
require the electron to make coincidence between 
the meson and the separated electron-detector to 
keep accidentals rates down. 

4. 4 delayed coincidence must be required between 
meson-coincidence pulse {1 above) and the electron 
coincidence pulse (3 above) to verify the identity 
of the particles. For single mu meson lifetime 
measurements the delayed coincidence will use 
timed gate techniques to provide Gecay time data. 

o. A final coincidence is required between the 
individual delay ed-coincidence meson pulses to 
establieh the pair count. 

An analysis of the basic readuirements listed above 
shows that, apart from the electronics of the problem, the 
eritieal factor in determining success will be in the detector 
manifold use in the experiment. Exoerimental difficul ties 
that have been encountered by previous workers (Martinelli 
et a”), and the requirements just mentioned, are, of course, 
a result of the anticipated very low cross section for mu pair 


production with the available quanta energy and intensities. 
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These may, for emphasis, be grouped into three major oategories: 

A. Small effective solid angies for the 
detection of the pair process. The 
Getection efficiency decreases with the 
product of the ecolid angles of each 
syaten. 

B. Low effisiensy of the decay electron 
Getectors in deteoting the meson decay 
in a tandem or side-by-side geometry with 
the meson cetector. 

C. High fluxes of particles, other than 
mu'g, producing high singles rates in 
the electron and meson counters. In 
Martinelli's experiment, the electron 
singles retes flooded his decay electron 
eireuits and contributed heavily to his 
accidental rate. These rates vrobably 
were not only large angle pair-electrons 
and scattered-in electrons from the target, 
but also photoprotons, and pi mesons. In 
any event, as he pointed out, reduction of 
this cause of accidentals rate must degin 
with shielding of the electron detectors. 
And they must be shielded, not only from 
the target, but from showers produced by 
the beam (or its penumbra) in the shielding 


Material and collimators. 
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The probleme indioated above are discussed in the 
following chapters: 

Chapter III Detector Design 

Chapter IV Detection Efficiency 

Chapter V Expected Yielde and Counting Rates 





CHAPTER III 
DETECTOR DESIGN 


Single nuclear-reaction-product particles generally 
have a distribution in energy and solid angle. The counting 
rate from such a reaction is given by: 

eS ~<A apy wa -/ 
where Ow is the fractional solid angle; 
GE 1s the fractional spectrum energy; 
fF is the fraction counted (an efficiency factor) 

For pair detection, simul taneous events in physically 
separated and distinct deteotors are involved. The counting 
rate from a pair production reaction is then given by: 


Rap OM Owe SE, AEDS, Fe ime 


if there is no correlation in energy or angle between 

the two emitted particles! 

Maximum counting rates result from maximizing the 
effective solid angle of each detector, both by decreasing 
detector distance, and increasing detector area. For example, 
a decrease in the effective detector-target distance from 55cm 
to 20cm, increases the solid angle factor for this two particle 
process by about 9. This particular improvement is so signifi- 
Cant that special efforts were made to realize it. Further, 


to obtain as large a value as possible for 1" (discussed later) 





She factor mn is the fraction of the total number of decay 
electrons, from mesons stopced in the inner detector, which are 
capable of being detected in the outer detector. See Chapter IV 
on Detection Efficiency for a discussion of “1. 
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it is necessary that the decay electron detector have as large 
a golid angle as possible. 

The latter consideration suggested a modification of 
the type of detector, first used at the MIT Synchrotron Lab- 
oratory by J.S. Clark, L.S. Osborne, and ¥. Goldschmidt- 
Claremont in their meson experiments. The model is an inner- 
cylindrical detector, with a peripherally~-contiguous outer 
oylinder; figure G-1 illustrates this detector, which was 
used in the first experimental runs to line up the electronics. 
Such geometry ia quite efficient for observing particles 
(decay electrons) in the outer detector which originate in 
the center detector. 

The axial leneth of this design is determined by the 
upper limit of the mu energy spectrum that can be obtained with 
the maximum quanta energy available. This limit is reduced 
by the energy needed by the companion meson to just enter the 
second detector. The first modification, figure S-2 , shows 
the inorease in length to thia upnver limit. 

The basic design is purely cylindrical. The effective 
solic angle per detector, for this cylindrical geometry, can 
be taken as a crude estimate to be the solid angle subtended 
by the detector at mid-length. In other words, for a 30 com 
long cylindrical system of diameter 4", with the detector face 
at 2O om from the target, the effective solid angle is taken 
to be that subtended at the detector midpoint, 35 cm from the 
target. For this untapered cylinder, however, it is impossible 


to attain an effective detector distance of 20 om because the 
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Vr NOTE HOW FRUSTRUM CONSTRUCTION 
a 3 REDUCES Nef, 70. Ractud/ . 
FOR “b* = "b’" FIGS-2, THE 
ae PHYSICAL DISTANCE OF THIS 
hs GEOMETRY IS GREATER THAN F-2 
FOR SAME CLEARANCE AESTAICTIONS, 
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a 
ue SECOND MODIFICATION 
FIG 3-4 


THE OUTER FRUSTRUM GEOMETRY 
ALLOWS FOR CLOSER ACTUAL OISTANCE 
AND INCREASE IN SHIELOING WIUTH, 
"WA SLIGHT INCREASE IN Ie 
FROM OPTIMUM, 3-3 , 1S ACCEPTED 
AS SPACE ANDO WEIGHT SAVINGS. 


FINAL MODIFICATION 
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edge of the detector system will be in the beam. Figure 3-2 
demonstrates tne requirements for minimum beam clearances, 
and the difficulty encountered with the rectangular cross seotion. 

Forming the inner half of the inner detector as a conical 
frustrum of appropriate angle, effectively moves the detector 
towards the target by 15 om, since the solid angle throughout 
is now that subtended at the face. Figure +5 illustrates such 
a detector with the resulting conditions imposed.” Note that, 
despite the decrease in the effective detector distance, the 
factor 7 has suffered in the critical forward section of the 
grouping because of the separation of the two detectors in thie 
configuration. 

A final modification to allow actual use of the system 
at 20 em, and to preserve the faotor 7 necessitated that the 
outer cylinder also be formed of conical frustums. Details of 
the final design geometry are shown in figure 3-4and appended 
as Appendix A. The physical distance from the detector front- 
face to the target center le about 20 om. To make Pore equal 
CO Tectuay: the inner detector, in this case a continuous 
conical frustrum, would have had a base diameter of sone 25 cn, 
and a volume of some § litera--the outer detectors in turn would 
be tremendous, an unwieldy and heavy apparatus requiring a large 
number of phototubes for reasonable vhoto efficiency and an 
imuense amount of liquid. As a compromise, the frustrum extends 


to half length only, resulting in a reduction in weight and 





v 

The scale of figure ?3is not the same as the scale of 
figure 3-2 Dimensions b and b’ , the inner detector window 
diameter, are actually equal. 
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volume of liquid scintillator by about 45%, and reducing the 
number of phototubee reouired. 

we do not gain the full increase of 9 in the solid 
angle factor Rien mentioned in the early paragreohs of tals 
Chapter. Inetead, the actual net gain 1é about 6.9. 

Another edvantage to the outer fruetrum design is that 
it permits heavier shielding of the system against electro- 
magentiec production at small angles, without sacrificing the 
Pactual Of 20 em thus attained. 

The sides andi end window of the inner detector are 
made of 20 mil brass, as is the inner wall of the outer detector. 
The forward @nd plate, and the outer wall of the outer detector 
are made of 1/16" brass to give strength and rigidity to the 
entire atructure. The back plates of both detectors are made 
of 3/8 inch brass. The interior of each is lined with 2 mil 
&luminum foil as a reflector. All seams were soft soldered 
at rolled Joints, except for the back plate junction which was 
& combination butt-lap joint to the siding. The back plates 
contain the liquid filling and vent holes, and the plastic 
phototube mountings. 

Six 5819 photomultipliers are used with each system: 
two, mounted parallel witn the cylinder axis, in the inner 
detector; and four, mounted at 90° to each other on the cir- 
cumferential center line of the outer detector back plate. 
Attached mounts of plexiglasa hold the phototube to the back 
plates in such a way that the photocathode surface is at the 


surface of the back plate, and is separated from the scintillator 
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liguid by 1/16 inch of plexiglass and an optical contact of 
Dow-Corning "200 fluid," a viscous silicone. Some consider- 
ation was given to direct liquid contact with the phototubes, 
but sealing between the glass envelope and the brags has not 
been found reliable. It is for this reason that the full 
plastic envelope was used. Rubber “O" ring seals maintain 

the viscous oil reservoir between the tube and the plastic, 
and act as a mechanical clamp to hold the phototube in position. 
& small hole near the base of the flange of the plastic mount- 
ing allows for venting of surplus viscous oil during tube in- 
sertion. The simple contact seal between the back plate and 
the plexiglass tube-mounting provides the liquid seal for the 
cyclohexylbenzene containers. Figure2, Appendix A shows 
details of the fitting and mounting. 

Besides making possible the 20 cm target dis tanoe, 
the frustrum construction increased the photon collection 
efficiency for the liquid system because of the funneling of 
successive reflections toward the large end of the cones. 

Ray diagrams, figures] and2, Appendix E illustrates this 
effect. 

An order of magnitude calculation of the number of 
effective photons collected (those produoing secondary elec- 
trons on the photo-cathode) per Mev lost in the liquid indi- 
cates an expected average of about 10 per Mev. A minimum 
lonizing electron at radial passage through the thinnest 
part of the outer detector will lose about 4 Mev, to produce 


an expected 40 effective (3 ev) photons in the outer detector. 
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See Appendix B for this calcul ation. 

The detectors are to be mounted at 45° tio the beam 
on each side, and at about 20 om target to detector-face 
distence. A beam collimated to 1 ineh width will be used. 
An arbitrary selection of 1 1/2 inches from the beam center- 
line was taken to be minimum approach distance for any housing 
material. The method of housing the detectors is shown in 


figure 3, Appendix A. 
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CHAPTER IV 
DETECTION EFFICIENCY 


Equation Jil-2 must be analyzed in detail, and the 
correlation between the energy of the emitted particles taken 
into account. 

The detection efficiency of a single detector is: 

Ee’ = Aw-5:7°X TEE = (ee 
where (5 nx) is the factor F of equation IIi-}. 

The detection efficiency for the pair of detectore is: 

E = 2(aw): d° n°-xX-e-F w-sb 
where the additional factors &,g, and f, take account of 
the characteristic physics of the process. 
g isa factor which results from the energy correlation 
between the emitted mesons for the pair process. 
(i-d) is the fraction of the meson decays which occur 
during the dead time of the counting circuit after the 
meson pulse. This dead-time comprises the electronic 
transit time, and fixed delays in the circuit. Sis 
the fraction counted of the total pairs of decays after 
dead time. 
& is the factor relating to the competitive processes 
of deoay and nuclear absorption for negative mu mesons. 


N is the fraction of the mesons which decay in a 





Stne factor 2 is a statistical one which arises in the 
following way: Since either meson can be counted in either de- 


tector here are two combinations that will result in a success- 
ful dees tion Meson 1 in detector 1; meson < in detector 2; or 
meson n detector 2; meson 2 in detector l. 






o- V1 setwus 
mi SORATSIVE wOTTGTRE 


- ee be «Tdagee Ab Chay tidy od Fads S-RF cofseupl 
mitet bu isnsy bed ies A to tetene aor neewise 20 Lj fuvnbe 
a co * oe , sng 009 seu 
WE Fetsa teh stir © to Gendid inte doliceren oat 
\ot .. KB -WwA = ‘3 
1- HY aesvaope 13 % roles? ody of (Xd) ecame 
(WE PWONEOEAD to vtec oo 407 WRSISLIIe nokgovsoh mat 
8 \- Vg Eon Pb “wors = 3 
te Suursee swat {2 hed LAE evotouT Lanois Ihde wt? exase 
* ebebowe Way te 262044 civelvedooteds wag 
HOLTGSEvsSo YHKOMe OAS HOTT ei lneed Aeloe sosoMt wot 3 
-MOS00TI Thay ads we) amuse Betgire ony Ae swded 
Wed oli RYSOeD noven wet Le mwoltowrt ana at (% +4) 
MY Teele FtdeTIo Bake aueD ed to ww Le Mend ont ae Pah 
ChAOMIO8 ls wae ver MrGnes eely~osed «07 28 L0G noeem 
ars oH 108400 ONY GL ay~aisk bexdtt owe 26473 Sine td 
TdT aqeod to erty Latad wld to betneho nottosrt eet 
Old Smet 
HOGeSSOTT CLIO Some aoe og Wisalet Yodont sit af % 
TMM ee oviteme Ae AoUsnYeRdy «eB foun bao wHOeE Yo 
Sat y200) fo tD¥ enoeew ot YH moffowr?t exz af en 











a 



















OL eon tee value ono Lactéeltasa 6 af "seen i 
“pe ogue sa a ia Acew teht le eonte yo pu brat £ 
iS mad bine ree test a Ri yy a i Se rea) 
ra toe is Bee bia” ote aR ned h 


78 





deteotor that form a detectable decay electron. 

f isa faotor that gives the true angular distribution 

as compared to an uncorrelated spherically symmetric 

angular dist ri bu tion. 

The value of € calculated will be a lower limit on 

the detection efficiency, based on the assumption of absolutely 
no correlation between the fractional solid anglesAw, ani 
Aw. 


These factors are discussed below in detail. 


Factor Aw, ‘Awgs 


The solid angle product is a very critical part of 
the efficiency. The basic solid angle geometry is shown in 


Figure 4-/. 
Aare is the effective 


_ 
= A egg detector aperture area. 


<a eff = 
pe =. Se detector distance. 


Port is the effective 


Fie. $-/ 
2 
Some representative values of (4) for various A_op-r 
eff “eff - 


Ssombinations, which appear reasonable and attainable, are listed 


in Table 3 
2 
Table 4-1 (Awangd (Aw) ) 
A r a A = 80.8 cn is the 
eft/ eff Aw Aw 4 inch diameter 
80.8/90 1.61 x 107-2 2.57 x 1074 A = 125.8em” is the 


5 inch diameter 





1258/99 2.51 x 10-2 6.26 x 1074 


80 .8/ «5 526 x 10-& .275 x 10-4 
125.8 /36 .821 x 10-© .67 x 10-4 
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Note that an inerease in detector diameter by 1% in- 
creases the efficiency at either value of Aare by a factor of 
about 2.4. Decreasing rere from 35 em to 20 em, holding Ager 
constant, increases efficiency by a frecetor of about 9. 

The path length of the decay electron becomes too 
Large in general, and the factor n@ deoreases, for a detector 
diameter of more than about 6 1/2 inehes. Consequently this 
ene the maximum diameter used in the inner detector, result- 


ing in choosing an aperture diameter of 4 inches (Agep*80.8 c Py. 


2 
The value of (Aw) for this Ager-roee combination from Table 


4-lis 2.57 x 107%, 


a 
Factor § 


The transit time of the circuit is negligibly short 
compared to the fixed delay time in the meson electronics. 
The meson coincidence pulse triggers the electron-meson gate 
after a 1/2 microsec fixed delay. The 1/2 microsec delay is 
used to preclude false coincidences in the gate circuit due to 
slowing of one or the other pulse in the discriminators. The 
fraction of all the mesons that decay in 1/2 microsec is: 

(1 -6) = 1- exp( - +) ~ .21 Liha 
hence ae the fraction of the total that are observable in 
pairs, igs 

§" = .79% = 62 LV-26 
Note that an improvement an 5 “can be obtained by 


Gecreaging the fixed delay in the eleotronics to 1/4 microsee in 


lieu of 1/2 microsec. This resulte in an increase by a factor, 







“ML "Std Gedneet) @atooteh of wrompant ©) ano age 

de 3e0ceT « 46 Sty? “2 ee lew Tel te sa EPOeealtte sur worm 

aye aoebion an Ret ee Gisett ge” Geese 4.7 unde 

«9 tunes to s0doy* & YO Come so eT te etme ond .FAeckOs 

CWP UOLEY LY Yeme nue Be dope Tales RAT 

oS semanas Sy THEE et Sm Cerne ne gm 

senor? SNC D twas weAF vrae To qwreEet 
watesdeb asuml x9 21 bee se deme LD eum inee Ta 

(Sue 8. 00 1) 0 Ts Weenath etedreqe w+ yrteoeto of pad 


' S 
eldht Bert ce MeaMises yyg7-rre* 98 Tet (WA) MT 
a Oo sh ‘ve "at & Tae eil-p 


fee « « ~ BY 


ftom ELetetigen af JtverL£6 ond th att ttemett oAT ——# 
 WRidiieetecy steoe' eae a: nis qetee beam eas 02 boangeae 


1 ea eveg@ltt eelue soneftauson ac 
| QUE ctT .eafeb texrt seworotm S\i no 


ot anh ) Ofeg SHY nt seonehtontoo ee let wlefoote of bea 

edT .wtedentrfroe ts a8? at sete vedta ait te ent to on 

, 4; Hide GL al Yades Vaar entyad wie Sie Yo sodtowtt 

ath. fms Bee (2 : Je 2 = «- a ee ee 
‘ha eltevisede mio tard iasot ans to optdsocd ot’ Oh emma 

ef oT hay 

























Ss-Si ~~ sa. = Sey = 
| et Mrmmes do od wes” b at tinewevete 3 cw Jenz seul 
a2 oenccetn a\ os soimeromte ond at wink Bert? S08 grigmroob 
(Novos? # YG cenonori me at wtlueey aidT .teemote Di le etl » 


17 


£ 9 I Lec. 
62 


Feetor x 


The exrerimentsa of Tieno,” and Converel et ai,” have 
shown that the negetive mu ae¢son ia frequently absorbed in 
high 2 materiale inetead of deeaying. For the pumosese of 
this experiment, absorption of a negative mu meeon will result 
. in a lost pair count, since counting depends on the production 
ana detection of the decay electrons. 

Fer cer absorber (the seintillator liquid) the average 
& ia about 4. 

The results of Sigurgeirsson and Yanakawattrelative 
number of decay electrons per etorped teeson--are atatietioslly 
about the game for Se and ©, beth being apsroxinately equal te 
unity. Fer cur ealeulations, the factor AL is therefore taken 


to be il. 


a 


faetor No 
The decay alectrone nave a dietribution in energy, 
coneequently a diatribution in range, and thus seme ef then 
Will not reaen the outer detector. Vee to the shape of the 
Getector, the fraction that reechee the outer detector is a 
function of the pesition of the meson decay. 
N is the fraction of deeny slactrons produced in cone 


of the inner detectors that reaeh the cuter detector~-and are 
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observseble--averaged over the entire detector. 
The velue of 7 is calculated in Appendix ©. The 
basic considerations involving the calculation sre given below. 
The decay electron spectrum shows a moat probable energy 
ef about 30 Mev. Analytic forme for the savectrum energy have 
been formulsted by Hubvara.>” 
The number of decay electrons of energy E in aF ie f(E): 
f(E)dE = dE l2 E “(w-£ t SA 48-3W)) RY Fe 
“we 
Taking Pp here to be .25, a value nearly that recommended 
by Hubbard, and combining the bracket, leade to: 
a = 2 © 
f(E)dE = dE 128 (,83W-, 785) IV-36 
The bracket may be taken as .8(W-E), whence, 
f(E)dé - 9.6 E(k) a TV-3e 
wemal 58 = fo = 55 Mev, the maximum kinetic 
energy that the electron mey carry of f from the decay. 
A rigorous determination of the fraction of the decay 
electrons that leave the meson detector--with enough energy to 
preduce a pulse in the electron detector--involves a compli- 
Gated three-space-energy integration over the volume of the 
detector and throughout the spectrum. 
A reasonable approximation has been made to the evalu- 
ation of n , taking into consideration the depth of penetration 
of the meson, and tne electron epectrum. The detailed calcule 


ations (Appendix C) give for the value: 


mM = 609; ns 37 





pe 
Hubbard, H.¥W., Thesis University of California, 10 Marsch 
1952, "Positron Spectrum from decay of mu mesons." 
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Nagtor § 7 

Factor g is the fraction of the total peir production 
of mesons accepted in the detector system, as 2 function of 
the distribution of the available kinetic energy. The energy 
distribution is such that an unequal division of energy is 
much more probable than an equal division. 

if the division of Kinetic energy is such that one 
meson carries off enough energy to stop at the back wall of 
one very long detector, and decay, the other meson may not 
get out of the target. The pair is not counted. For a short 
detector, the high energy particle of the pair may pass through 
the detector without stopcing and decaying--the result is again 
a lost count. 

Graph IV-1, Appendix E, energy Gistribution of meson 
pairs, extrapolated from similar distributions for the electron 
pair kinematics, has been plotted as & piecewise linear aporox- 
imation, symnetric about the fraction en-tt.” 

Superimposed on thease approximate curves are the energy 
acceptance limite Lmposed by: the target thickness to the 
exiting su; the absorber thickness; and the meson detector 
front window thicknese. As a not entirely arbitrary choice 
of these parameters, consider a target of thicknegs one inch 
traneverse to the beam, with 1/4 inch of lead absorber, and a 
window of .02 ineh braes. The limite of energy acceptance are 
determined by: [Ey = 2m, c*) Minus the energy loss in 

vx" target ++ ° Pb + .02" brass] = T,-Ty 





is. 
Reitler, W., quantum Theory of Fadiation. 
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For each value of KkKmax (Emax ), the acceptance 
limits are at Ty , Ty - Tg ; the fraction of the total area 
under the distribution curve bounded by Te and Tg - Ty ie 
the maximum fraction of the total mu pair speotrum that is 
observable in the whole polid angle. 

Note that at lower photon energies the acceptance 
fraction becomes very emall. The combination: cross-section; 
number of photons in the energy range; and acceptance fraction 
in the energy range, probably tends to make the likelihood of 
an observation of a pair firom either group (those from photons 
in the highest energy region, as opposed to those from photons 
in an intermediate or low region) about equal, other factors 
remaining unchanged. 


Taking an average over the range of kK, we have: 


gw .75 W-S 


To conserve momentum and energy for pair production 
from a single nucleon, the mesons will tend to be emitted in 
the forward direction. Since only the forward hemispnere is 
involved, the factor f is about 4, and probably greater. (See 
discussion on upper limit effioiency, latter part of this section.) 
f~ 4 K-6 
The lower limit of the total deteotion efficiency factor 


then besoomes: 


] 2 2 
=e: Awd’: x: ef 
€ = 2x 2.57 x 107* x .62 xl x .37x .75 x 4 
€& = 3.53 x 1074 1-7 
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The use of thia lower limit efficiency is a reasonable 
approach to the problem of the Wentzel production, since we 
nave no knowledge of the correlative effects of the assumed 
meson Tlield. 

However, for the electromagnetic production discussed 
in the later parte cf Chapter V following, an increase in the 
expected counting rate figures may be obtained. The yield 
Caloulations for the eleotromagnetic process are made assum- 
ing a completely incoherent process, (linear Z dependence). 
If calculation can show a 4 dependence of the type: 
z+ 2° x (Form factor), that 1s, with additional coherent 
production over the nucleus, tne expected counting rate 
values wlll be increased. In this case there is a strong 
forward correlation of the mu pairs; 1) from the theoretical 
cross-section (Heitler) for Dirac particle pair production; 
and, 2) from the coherence in the forward direction. Both of 
these will make the factor f£ greater than 4 for particle 


detection at forward angles. 
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CHAPTER V 
EXPECTED YIELDS 


Introduction: In order to calculate the counting rate to be 
expected, one needs a znowledge of the cross section. Lacking 

a knowledge of the cross section ali one ean do is express the 
Counting rate as a function of the integral of the crosa: section 
over the energy range available. (If a OR is observed, exveri- 
ments at different energies could give the energy dependence of 
the cross section. In tnis section, the general expression for 
the counting rate as a function of the integral cross section is 


developed. 


The yield of the pair production process can be written 
in differential form as: 
2 
d°¥ = dple) N aE) dx V-/ 
where *y is the yield, in meson pairs per unlit target 
length, per unit quantum energy interval, per 
14 
mouse. 
dpieé)is the number of quanta having energy 
between E and E GE over the entire target 
area, per mouse. 

The "mouse*® unit ie a Laboratory unit of integrated in- 
tensity. The beam is monitored in an ionization chamber at the 
collimator face. Charge accumulated in the chamber is discharged 
after 7 x 10° e.q. (See S.M. Thesis H. Ratz.) Note that even 


though the collimation to one inch absorbs some of the quanta 
produced in the Synchrotron target, the rate, e.q. per mouse at 


the target position will still be q , since the ionization ehamber 
Ys on the target side of the wall. The collimation effect will be 
to inerease the running time per mouse. 
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N is the number of target atoms per om’. 

c¢(E) is the cross section for meson pair 

production at energy &%, per target atom. 

The number of quanta per mouse in the energy interval 

Eto E+ dk, d (E), ie a a of the target length: 

dg(E) = dh, (Ee v-2 

mence, d¥ = NTE)dp.fe” dx V-3 


where d Y is the yield in meson pairs per 


FF 


unit quantum energy interval in target 
length ” pe 
l~- 
aa dyY = Naod¢g.({S—). V-S 


or «6 AY TN Oddo Legg V-5- 


where lLerr is the effective target lencth, 


i 


Values of which?® for several elements 


are tabulated in Table 5-1 





Table 5- - Effegtive T t Length (om 
Be 9.25 Al 7.01 
C 6.96 Cu 2-48 
Now d p. — Target areg Xe GEB_ = a’ a(ink) V-6 
eam area -—. 


1 
Collimation determines the useful target length to be 
4 inches. 


16m figuree in Table 5-1 are caloulated, teking A equal 
to the asymptotic pair limit coefficient. Graph V-1, Appendix 
kb, Linear absorption coefficient for the elements listed in Table 
F-1 shows that this assumption is reasonably valid at the energies 
under, consideration. 
Fermi, E., Nuclear Physics. 
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where @ = 7x 10' equivalent quanta (e.¢.) ver mouse 


in the MIT bean; 


a igs the energy spectrum of the Bremsstrehlung; 2? 


i 
QZ is tne e.q. per mouse, corrected for the actual 


area, and is equal to: 


a = £. x7? x 10° @.q. per mouse 


T E Max 
therefore Y= N lore a’ [ T GF) d(LnE) 


/ 
Emin 
or Y=NR lere Qt (events per mouse) 2% Y-/ 
The limits of integration are somewhat variable: The 
upper limit is a function of the Synehrotron, with a prebable 
maximum of 340 Mev. The absolute lower limit is the threshold 
energy for the pair process (215 Mev). The practical lower 
limit is a function of target and absorber material and thick- 
ness. ~° 
The observable yield (Counting Rate) is then: 
CR SEY = ENlope al y-8 
The expected counting rate, in counts per mouse, is 
tabulated in Table 5-2 for the four elements C, Be, Al and Cu, 
as a function of the integral I. (The integral has the 
dimensions , ol, ) 
18 


The spectrum has been theoretically predicted, and ex- 
perimentally verified, as actually belng about: .87 x gE. 
E 





19 
To determine the rate, "events per equivalent quanta," 
divide the rate “events per mouse" by Zp-x 7 x 10°. 
20 


To reduce background, it was found necessary to put 1/4 
inch of lead in front of the detector--see Chapter VII. 
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Table 5-2 Expected counting ra counts per mouge) 
Be - 1.783 x 10° I Al = .66 x 10°8 z 
GC - 10226 x 10°" x Cu - .718 x 10°° 1 





The practical upper limit for the length of a run was 


taken to be about 10° ase. 


So unless the integrated cross 
section, I, is of the order of 1075° on’, or greater, it is 
probable that no pair production will be detectable. 

if a few 10° mouse runs are completed with no counting 
established, it will be possible to fix the upper limit of the 


Wentzelian cross section at near 107°° 


» an improvement over 
Martinelli's limit by about 10°. 

The expectation counting rate for electromagnetic mu 
pair production can be calculated by substituting the theo- 
retical cross section in the above relationships. 

P.V.¢, Hough has developed formulae based on the Bethe- 
es tier’* equations for electron pair production which are rep- 
resented to give better fit to experimental data than the 
latter. In particular, for symmetrical division of the kinetic 


energy, his equations give: 


Cpair = 7 
» O85. “ 
Go = $37 (Ze')° V-9 


At energies very slightly above threshold, Hough's 


best nower law approximation gives: 





flonis limit is set by considerations of the backgrounds 
observed in the preliminary study--see Chapter VII. 


2 

* nongh, P.V.C., P.R. 73, 1 February 1948. 
Zo 

Ibid. 
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B= $02 (4) omt JES) m0 
k > fe ‘ (E<< /) 
which equation is 12% low at ux = 3, with inereasing error as 
k becomes much greater than 1. 

Extrapclating the equatione to the @u pair process by 

introdueing the meson mans, gives: . 
| Ge parr 7 «788 | ‘ (-2)° (%e)* } in unite of/37 ae") 
Yel 


a 


from the siass ratio alone, this hypothetical cross 
section is down at onee by a factor of about 4 x 10 from the 
electron pair creas section. Moreover, the square 4 dependence 
implies @ soherence whieh is probably not valid for the meson 
production. It is prebably more realiatic, and Goes not change 
the order of magnitua@e, to take the < dependence as linear.’ * 


The expected counting rate is: 


/ 
cre en Coffa’ TZ V-12 
where T° » c f{rd@, ey ein new be svaluated; 
may 
i's ofcen2) (2) ¥=13 
% k/ xk 
min 


= 4! \ rape ¥-2, Appendix D) is a numeric and 
has the values tabulated in Table V~@, Appendix 3D, where the 
integration is carried out by graphical methods for various 
gombinetions of the urver and lower limits. A practicable 
24 
Table V-1, Appendix D, tabulates the electromagnetic 


eroes section (per Hough with linear 2 dependence) as a 
function of quantum energy. 
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lower limit, to discount energy loss in the target and the 
absorber is about 240 Mev. 


Por £ x 7 540 Mev. (& 


ma = 3.18), and En 


= 240 Mev, 


max in 


(Kan 2.25), ©'' corrected for the 12% low error inherent 
in the Hough formulas, at k = 5, is about .06. 
The constant ©, here is: (See Table 5-3) 


e* 2 - 
C= 2288 (m,c’) Z Y-/4 





Al = 1.34 x 19 
C -~ 6.18 x 107°” Cu- 2,99 x 107° 


- 32 


Be -~ 4.12 x 10 








The expectation counting rate is: 


CR = (EN lope’) CI* (counts per mouse) Vee 


where the factor (EN lope &') 49 the coefficient 
of I in Table 5-2. 

Values for this expectation counting rate are tabulated 
in Table V-4, for these four elements, for various limite of 
the integral I[''. 

For the particular eaee of Berylium between limite of 
540 Mev and 240 Mev, the rate ise: 

CRap = 4.46 x 10°” (counte per mouse) 
& rate which is of the same order of magnitude as that which 
we could expect from Wentzellen pair production with an integra- 
ted cross section, I, of about 2.5 x 197° ea”. For runs of 


10° mics, both the Wentzelian rate for this croes section, and 
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the electromagnetic rate are at the extreme outer limit of 


our detection probability. 


Table V-4 Expectation counting rate for electro- , 
Magnetic meson pair preduction in counts per mouse times 10. 





Lower Limit I"=#240 Mey Lower Limit I"=s260 Mey 





ripper 350 Mey 840 Mev 330 Mev 350 Mev 340 Mey 3830 Mev 








Be 0.59 4.46 5.68 5.11 4.28 3. 44 
C 5.06 4.22 5. 48 4,84 5.99 5.26 
Al 6.45 3. 36 4,45 6.15 0.08 4.14 
Cu 15.59 15.0 10.72 14.9 12.5 10,02 
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CHAPTER VI 
ELECTRONICS 


A. Tests of 6BN6 Coincidence - 402 Amplifier Group 

The first phase of the actual experimental investi- 
gation comprised an analysis of a 6BN6 fast coincidence cir- 
euit and associated diatributed amplifiers, model 402. Cal- 
culation showed that an important part of the solution to a 
reduotion in the background and accidentals rates lay in 
reducing circuit resolving times to @ minimum by taking ad- 
vantage of fast colnoidence circuits where they could be used. 

The distributed amplifiers, model 402 were slightly 
redesigned in the LNSE Laboratory from the Hewlitt-Packard 
model 460A, which hag the following characteristics: 

Maximum output voltage to an open ciroult--8 volts; 

maximum output voltage terminated in 350 ohms--4,75 

volts; maximum gain, 20 db (10), using 6AK5 tubes 

operating at g = 5000 micromhos. The essential 

differences between the 402 and the H-P 460A are: 

(a) voltage regulation on the 402; (B) addition 

of screen circuit decoupling resistances on the 402; 

(oe) slight increase of g., with the 402; (d) term 

ination in 200 chme., 

Complete circuitry of the amplifier, including regu~ 
lated power supply are available as LNSE Dwg # D-38c-A, 

The 6BN6 coincidence circuit used was designed in the 
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LNSE Laboratory, Dwg B-1801-4. Its eseential feature is the 
use of the 6BN6, gated grid discriminator tube. The plate 
current-limiter grid characteristic curves show sharp limiting 
action from a cutoff of about -5 volts for O quadrature volts. 
Operation as a goincidence tube requires positive pulses to 
both the negatively biased limiter, and quadrature grids. 
Single-grid plate pulses can be formed for low values of bias, 
but proper grid voltage adjustment with regard to expected in- 
put pulse size enable its use ag a coincidence oircuit with 
very short resolving time. The time constants of the grid 
etages are such that resolving times of the order of 1079 seo 
are attainable. However, with associated circuitry, especially 
amplifiers, the resolving time suffers somewhat. 

Rather extensive testing of the 6BN6 circuit with the 
402 amplifier input was made. Use of this partioular combina- 
tion was predicated on the necessity for an early circuit dis- 
Crimination against the expected high flux of electrons, protons, 
neutrons, and pi mesons into the meson detectors. And even with 


9 sec, a flux of 10°/sec in each detec- 


@ resolving time of 10 
tor gives an accidental meson coincidence rate of about .001 
per mouse, much too high without the other restrictions placed 
on the true counting rate deseribed heretofore. 

Resronse teasating was done with artificial coincidence 
pulses (split single pulses) from a lab pulser. Seriously 
large secondary coincidence pulses, and coincidence over- 


shoot pulses were observed for values of grid biases that 


were too low. Test curves indicated that secondary and 
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overshoot pulses are negligible only for grid biases more 
negative than approximately minus 5 volts, on both quadrature 
and limiter grids. This negative 5 volts corresponds to the 
beginning of the sharp rise to the limited region of operation. 
On all subsequent testing, minus 3 volts wae taken aa the 
minimum negative limit of valid data. See Graphs VI-1, 
Appendix E. The coincidence pulse length and rise time 
appeared to be a function of both biases, but only for long 
pulser input signals. No remedial measures are necessary for 
the experiment wherein terphenyl-cyclohexylbenzene pulses of 


9 gec rise time are to be used. 


the order of 10- 
(Graphs VI-2, VI-3, Appendix £.) 

Similar testing, with Ra-gamma pulses, detected in 
xylene, and then split for artificial coincidence, reduced to 


the same qualitative behavior. 


GAIN TESTING 

The distributed amplifiers, Model 402, were claimed 
to be capable of producing 10 volt output pulses with an over- 
all maximum gain per amplifier (two stages) of 10. 

Controlled gain tests showed that gein through the 
amplifiers was strongly dependent on input pulse amplitude and 
rise time, and that saturation output-levels were of the order 
of 6-7 volts. It appears that for the H-P 460A, the published 
maximum output voltage terminated is 4,75 volts, while in our 
amplifier, with an output resistance of 270 ohms, the maxinum 


output voltage (with termination into 200 ohms) is 200xE,,;(max), 
270 
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and assuming e out 2x) to be 10 volte, thisa maxes for nage 77798. 
This is sbout what was found toe be the vase. 

The following reaulte were obtained from gain testing. 
The figures are for identical amplifier stage biases of -1.5 
volte, and for input pulse heights of .3 volts. s#ote taat the 
gain figures for 2 amplifiers in eeries reflect the saturation 
output veltage by a reduction in the overull gain, froa , to 
a value consistent with the previously cetermined maximum cute 
put of 6-7 volte. 


Teble 6-1 enows Gata for three pulse types: 


A. Slowly rising short pulses (772 2ss; 72 = 2,5) 
B. Slowly rising long pulses (7) = 2es; 7¢ = 9045) 
GC. Fast rising long pulses (Ty > lus ; Te = /20 ps) 

The length of the short pulse here given ia the bass 
length at zero voltage; the importent differenoos between the 
"short" pulses and “long" pulses here ia the pulse shape near 
the maximum height. 














4 B C 
Single 3.7 6.6 18 
Casoaded 9.5 = i9 





It 14e necessary to specify the input pulse height 


because the observed gein was a function ef input rulese height 
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as may be seen from Table 6-2 for type A pulses: 


Table 6-2 (402 Amplifier Gain va Input) _ 
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The input circuit time constant of the 402 amplifier 
is approximately 2 microseconds, so that the long pulses B and 
C of Table 6-1 are clipped as fairly flat, 2 microsecond input 
pulses. 

In generel, for a single amplifier, gain was found to 
be highest for a fast rising pulse, with a fairly flat top to 
the limit of clipping time, as can be seen qualitatively from 
the increase in gain from A to B to ©, wherein these general 
eriteria are more nearly approached. 

The experiment at hand will require two 402 amplifiers 
to amplify each meson signal before the fast coincidence. He- 


solving time measurements were made to determine resolution of 


the 402 amplifiers and the 6BN6 circuit. The determination of 
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resolving time of the complete oircuit (amplifiers and 6BN6) 
was made by introducing various lengths of signal cable in one 
grid circuit or the other as a delay mechanism. The signal 
cable used is British 200 ohm, center wire coaxial. Inasmuch 
as all the available 200 ohm cable was already made up into 
leads of varying leneth, a restriction wat placed on the anount 
of delay that could be used. Data points are separated by a 
time corresnonding to the made-uv cable lengths. The speed of 
the cable is negligibly different from the speed of light. 
Resolving time data were taken for four different 

source combinations. 

1. Using artificial coincidence (split pulses) from a 
Ra- source. 

2. Using actual coincidences from cosmic rays, in two 
SMall volume liquid scintillator detectors. 

5. Using actual coincidences from a Co°° source. 

4. Using actual coincidences in two liquid detectors 
from events produced by a target in the synchrotron bean. 

in each case, the 6BN6 grid biases were set low 

enough so that single pulses of the expected normal size were 
inadequate to trigger the coincidence circuit. The observa- 
tions, of course, were inaccurate to the extent that tne biases 
used allowed high-pulse height single-events to trigger. How, 
ever, for the lengths of detectors used (small volume), and the 
bias settings, a very small fraction of the total count at anf 


delay was due to single pulse coincidences, 
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For each run, the coincidence counting rate was plotted 
as a function of delay on each grid. 

An average of four runs using the Ra source indicated 
a cilreult resolving time of the order of 2-3 x 1078 sec. 
Graph VI-5, Appendix © is a plot of the average, normalized 
counting rate vs delay for the four runs. Clinving the in- 
put pulses to the 6BN6 grids to 2 x 107" gsec., took the re- 
solving time down by a fector of 2-3, as was expected. 

An average of 2 runs using cosmic ray coincidences, 
again gave effectively the same resolving time. Peaking of 
the resolution curve over the resolving time, with a much 
cleaner cutoff, reflects the fact that most of the cosmic 
coincidences counted were high pulse height events, for which 
the 6BN6 biases were set appropriately more negative to pre- 
clude single pulse triggering. The peaking of the curve then 
qualitatively demonetrates that the individual pulses are 
thin, and well separated at peak over the coincidence count- 
ing interval. Graph VI-6, Appendix BE, 1s a plot of the 2 run 
average, normalized, counting rate va delay. 


60 coincidences, which 


One run was made using actual Co 
corroborated the previous results of about 3 x 107° sec. 

Several runs were made using real coincidences from 
events produced ina target in the Synchrotron beam. No 
attempt was made to identify the coincidence particles, nor 
was differential energy discrimination attemted. The results 


indicated a resolving time of about 3 x 1078 sec, As was 


expected, the observed resolving time decreased markedly as 
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6BN6 biases were made more negative. In effect, by the 
Change in biases, we selected out of the spectrum of pulse 
heights, the higher pulse heights for which the results of 
the measurement are explained ae for the cosmic ray curve 
peaking. Graphs Vi-8 are the piot of these data. 

In the mu pair experiment the pulses into each grid 
circuit wiil be random in pulse height, and single grid dis- 
item ha vion will be of no wn. it is proposed then, to 
use the SBN6 as a crude discriminator by keeping both grids 
at the same value of bias. Table 6-3 shows representative 


values of Giscriminator voltage versus equal grid-bias 


settings. 





25 

Practicability of the use of the 6BN6 as a dual dis- 
criminator is questionable in view of the number of para- 
meters involved. The grids are not symmetric with respect 
to their behavior at identical grid voltages, because the 
limiter grid is so much closer to the cathode then is the 
quadrature grid. Plateau-break curves were plotted for 
Various input pulse heights as a function of the two vari- 
ables; quadrature grid voltage and limiter grid voltage; 
(Graphs VI-3, Appendix E.) For a fixed value of limiter 
grid voltage (-3"), the plateau-break curves show a very 
Glean cut-off of counting rate as quadrature grid bias is 
increased. To use the circuit as a discriminator, it is 
neceesary to run at input voltages lower than about 5 volte, 
1.@., in the region where a small change in input voltage 
requires a large change in discriminator voltage. For in- 
stance, at a quadrature bias of -4.5 volts, a change of bias 
of 1/2 volt discriminates between pulses differing by only 
1/4 of a volt. At pulse inputs above 5 volts, however, dia- 
crimination becotes very poor. 
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28212 Ons 
for equal bias vettings, the voltage at the input 


thet is discriminated against. Vatu le for a reduction in 


counting rate (3) 
3 














OXS 1.2 6x6 4 
4x4 1.9 7x7 10 
6x8 2.4 





The table shows discrimination for input pulses 

ef equal height. For the random pulses we ahall 

be using in the experiment, then, these values 

will be ecnly apvroximate. 

Some tentative energy discrimination teste were made 
with a CoV noures (1.16, 1.32 Mev) - producing real co- 
incidences in teat seintillation detectors. Cut-off wae 
very broad and poorly defined in this test. 

A aurvey of the testa of the 402 amplifier--6BN6 co- 
incicGence eireulft indicates that, for purposes of thie ex- 
periment, certain basic criteria should de met: 

1. Operate the 6UNG at biasen between -S volte and -6 volts 
to @inimize anurious effeete due to secondary pulses and over- 
shoots and te Keep the tude in an operating condition (1i.e., 
Where tthe average pulse height expected ean cause coincidence). 
£. Operate the 402 amplifiers at high gain (each etage at -1.5 


Volts bins). The voltage from the output-dynode is of the order 
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of .1 to .3 volts, for which we can expect 4 stage gain up to 
the saturation level of the amplifiers. The number of ob- 
servable noise pulses from the tube (5819) is increased there- 
by, but because of the fast resolving time of the circult, no 
significant increase in normal accidentels' rates results. 

3. Use the 6BN6 as a crude discriminator only, because of 

the random pulse heights which it will have to accept. Test- 
ing will be done in the beam for the correct biases to cut 

out much of the background of events that lose less than 2 Mev. 
4. Operate the rig at the peak of the coincidence resolution 


curve by using the appropriate cable lengths. 


B, Final Electronics System 

A block diagram of the electronics cirouitry and 
components for the final experiment is shown in Figure 6-3. 

Dependent on the factors discussed in Chapters III, 
IV, and V, and within the limitations thereby imposed, a mu 
pair entering the meson (inner) detectors (Hy and Mp7) pro- 
duce a coincidence pulse in the 68N6 circuit. 

The meson-coincidence pulse (My-M,, coincidence) is 
presented, through a discriminator-amplifier, and a Model 501 
amplifier, to the timing circuit ae the timing initiator. 
The timing sequence begine with a fixed 1/2 or 1/4 micro- 
second delay, followed by the 6 microsecond electron cate 
pulses, a separate gate for each detector system I and II. 

The decay of each meson produces an electron coincidence 


pulse in detectors (E-M), and (E-M),,. The (E-M) electron- 
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coineidence Le required to reduge the spurious rote-scincilcences 
which would arise from stray eleetrona or photcne in, tac. B 
detector, for instance. Note, that althcugnm the time to decay 
of enoh mu is neither prediotebie, ner the eame for tne members 
of m palr, only a email fraction, c#p i. » ig uncolieoted in 
gate length 6 KS. (mocified by the fast decay facter, Chapter 
IV). Se, essentially all the deoay electrons are "“caugat’ in 
the 6 miseroaecond vate. Pape beve 
mgt The (E-jK) eleotron-ecinciience pulee (hereafter the, 
“electron” pulee, Ey or Gy) 16 presented to the 6 microescond. 
gate of each aystem, oredueing the single “palr-electron* ¢o- 
ineidence pulse (hereafter called tne “meron* pulse, ky or M1). 
—) "The meson pulses, M, and Mpy, from systems i and II are 
required te be in cetneidence in = slow cirevit (resolving time 
6 microsécends)to form the finn] counted pair pulses. to 


aes Sgalers are used to Getermine the singles rates of 
detectors My, My» By, Byy; the “electron” singles rates, - 


(=#); (E-M),,, and the “meson® einglea rates Mesony and 
Meeony;, in the 6 microsecond gate eircult of each system, 


arG the final meson~pair rate, “Me eony a Meson,,." 


The emphasis throughout has been to reduce the chence 


rates to a mini mun. 


blthough the very slow final Smee Oak e a am. 5 has 
& resolving tite of 6 m3 OOS coonds, the gingles rates "Hosen," 


ho if 
and “Meron; ;" will be ‘ao slow (1073 oounte per wouse) even if 


the 6GHNG6 MH, = Mp; @Oincidence were not required, that it 1s 
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belleved the meson-pair rate will be pure. 

The cutrut connections of the photomultipliers of 
each detector are connected in parallel: two tube common 
for the meson (inner) detectors, and four tube common for 
the eleetron (outer) detectors. The parallel connection 
does not inereas¢ the single tube output tise cone tant by 
muoh, and causes a decrease in pulse height which is accept- 
able. Two output pulses are taken from the duo: a negative 
Gignal from the last dynode to 2 somuon lead into a cathode 
follower stage as one input to the electron coincidence cir- 
cult (Electronry); a positive signal from the next to last 
dynode to a common lead eas one input to the 68N6 meson co- 
ineidence circuit (My-My,). In the quartet a comaon neg- 
ative pulse from the last dynode is taken into a cathode 
follower stage as the second input te the electron coincidence 
circuit (Zlectron). The cathode follower cireults for both 
duo/quartet are identioal and are matched to 100 chm cable 
at the output (Figure 6~4)..78 
pete 
-, 


—® © 


aes er 
26 
Dr. Ceborne advised that, in order to reduce parasitic 


oscillations in the cathode followers, epecial wiring of the 

GJ4 sccket be made: the extra grid pins, 5 and &, were clipped 
short and an electrostatic shielding bar of copper was connected 
from pin 4 (ground filament) acrose the center pin, and to 
Chaesise ground, separating the plate, pin 7, from the grid, 

pin li. In addition a 25 ohm resistor was snubbed to the grid 
pin, fro@ which resister the normal grid connectione were made. 
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As an electrostatic shield and light~tight box, a 
cylindrical brass frame extends from the rear of each detector 
ayatem rerxrward 8*, with a detachable cover for the end, through 
which electrical cennections and adjustments are madie. The 
phototube mount, and particularily the "O* ring seal, provides 
mechanical eugpport for the tube, magnetic shield umd tube 
base extending back from the detector end plates. The oathode 
follower eireults are mounted on the inside of the shield wali. 
All power and signal connections are through lighnt-tignt 
fittings on the cuteide of the shieid cyelindricel wall. 


enere it waa nescessanry to ren signal leeds from individual . 
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tubes to common jJuncticns ineide the shield, coaxial cable 
was used to Keep the inorease in capacitance to a minimua, 
The shield was held at the common ground potential of all the 
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EXPERIMENTS IN THLE SYNCHHOTMON BhAw 


A get of measurements were made in the S20 Aev 
bremastranlung beam of the Gynenrotron in orger to: 

i): Evaluate and test the existing meson electronics. 

2) test the charecteriatice of the 6BKN6 coincidence 
ciroeuit. 

3) Study the croblems cf collimeting the bean. 


4) Determine the shielding requirements. 


“;warTor 


5) Manin se the background, and aesertein that no» 
background was being overlooked. , 
: 6) Determine the feasible upper limit of the Leng th, 
or run; to set a lower limit on the nair preduction erent 


éection, 


Ne 


=> 
In the first experiment, with the geometry shewn in: 
Figure 7-1, the first two cf the abeve items were etudied, | 
fhe 63N6 clreult was used for coincidence between two 
dateotors in line, & two inch cyclohexylbenzene-5819 detector, 
and the original Clark detector - a two neh xylene-1F21 
detector. This coincidence pulse was taken through a dis- — 
erlwinator-aplifier, a model 501 amplifier, ané inte the. _ 
timing circuit to commence the timing sequence. Electron 
puleea, formed by an inside~cutside coineldence in the Clark 
detector, were presented to the timing gates via diserininetor- 


ampliflLer, and model 551 amelifier. In this partiavlar shase 
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the eleotronices were used as designec, i.e. with the timing 
sequence eignsal beginning after a fixed delay of 1/2 microsecond. 
‘ geries of four contiguous 1 1/2 microsecond gate pulses and 
a 6 microsecond accidentsls' gate, followed the 1 1/2 #icro- 
gecond delay. Each gate coineidence circuit drove @ scalar. 
The averege of 6 runs at 105° is shown in Graph VIi-1, 
the decay tine characteristic of photomesons produced in CH», 
The S63N6 wag found to perform as anticipated frem tne studies 
with ecemic rays anc ether teats (q.v. Chapter VI). The 
pulges from the 63N6 were quite readily adapted to trigger 
ing the weson electronics. Oheeks wers made on the possibility 
that the 6AN6 was failing te regleter all true coincidences. 
The investigation showed that negligible losses, if any, were 
eccurring in tne 6BN6 electrontes. 
&S @ second experiment e& series of geometries alimilar 
to thet shown in Figure 7-2 were employed te study items 3 
and 4 of tne list above. Tne detectors were placed at various 
Gleteances from the target; runs Were made with and without 
target; various arrangements of collimation were employed; 
varying anounte of shielding were placed around the €etectors. 
The results of these etudlee led to the design geosetry 
shown in Figure 3, Appendix A. Extreme collimation ware found 
desirable. The seattering of electrons in the beam ia a 
source of many singles counts in the detectors, and it may 
be desirable te try to slean up the beam sagnetienlly. The 
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housing facing the target. 

In a third series of measurements, iteme 5 and 6 of the 
above list were studied with the geometry shown in Figure 7-2. 
The Clark detector was used for system I, tne cyclohexylbenzene- 
filled detector, alone, for system II. The electronics remained 
the same as for the phase I and II runs: i.e. a coincidence 
was required in the 6BN6 ocircuit between the “ceyelo" detector 
and the inner Clark detector as before. 

t was found that unless at least 1/4 inch of lead 
was Dlaced in front of the detectors, the soft radiation 
ereeted in the target (or scattered by the target) aude the 
singles oounting rates too high. 

Using 3 inches of lead in front of the detectors es- 
tablished that neutrons were an insignificant background. 411 
studies led to the conclusion that electrons, positrons, and 
y rays were the greatest source of background sounts at 45°. 
shere were no indications of unanticipated backgrounds. 

From Figure 7-2, 1t ean be seen that the detection 
efficiency for mu pairs was extremely low. MUecause of the 
short length of each meson detector (2 inches), we were 
restricted to those pairs that shared the available energy 
equaily, plus or minus a few Mev, The fraction of the total 
pairs rejected is therefore very considerable, at least .9 
for the 520 4ev photons, and more for the lower energy events. 
Also the effective solid angle factor is very small. 


Taking 12 inches and 14 inches as the effective 
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detector distances, and noting that the clark dsteoctor vps 
eollimeted to three inches, the ecrcolohexylbenzene detector 
to four iLnenes, the factors of equetien IV-1b, for the 


detecticn afficieney become anc roxivetely 


Eg = ZAw,4W.: d* 2-29 -F 
E. = (3.922107) (5.121079) (.62)(1)¢.03)(.06)(4)(2) 


go that the approximate effisieney for these puns was: 


En = 016 x 1076 


The rune with this space aeparated geometry, althougn 
mraie under eivergea eonditions,~~ asteblighed soma interesting 
facts: 

1. The XY coinetdence rate (SBME coincidence between 
the meson detectors on either side of the target) warn estab- 
lished as comvoged of one-third real evente, and Swo-thirds 
aecidentals. This wae datermined by Jelaying one of the 
pulses suffielently to throw it out of the resolving tise 
bracket of the other pulee by factors of 4 to 4.5. 

2. The eleeatron-esincidence rate (inside-cutside 
coincidences in the Clark detsetor) wae comrised of two- 
thirés to three-fourths real evente, independent of what 
anielding we did, and at this large target diet ance. 


Li 


For g partioular run of about 10°° guanta--2500 


“ratz"=--with a thin (two ineh long) Be target, and 1/4 ineh 
EE — 
a? 
The “set-up” was tade downstreaa fros another experiment 
which was being conducted concurrently with this one. 
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lest abacroer, tne focllowing resulta were obtained: 
Seacn-pair accidentals rater?....0004 per "ratz* = 
~00C274 per mouse (or 4 x 1071" per €.q.) 
Meeon~pair rate, 3 sec gete......0008 per "rate" 
Seson-pair rate, 4.6 see gate....0004 per “*ratz* 

@ are in a soeition te set an upper limit on the 
fentzelian progesa from the above ran. For the calculation, 
WO assume we would have been able to ldentify a real rate 
thet was equrl to the accidentel rate, ¢.74 x 107 per £ouse. 

For the twe inch Be target, the effeetive terget length 
(equations V-4 and V-5) is 4.77 om, and the e.cq. ser mouse, 
corrected for actual target area, ie equal te a! of Bquetion 
¥-8, 4.46 x 10? ©.qg. per movee. 

The expeeted yield (equation Ve7) 1a: 


616 x 1078 x 1.23 x 105 x 4.46 2 210" x 4,77 1 


x 
4 


8 


6437 x 109 7 

cr 2.74 x 107% sz .487 x 10°° i 

and I = .627 x 107*8 

where 7 = { dae 


5 Zo 
Assuming O constant, I = gn E 


21D 2 henee, 


i= .4€97 = & 27 x 1073 


or G 1.87 x 107°8 oy” 
which if sbout 2.5 x 10° times the electromagnetic precegs 
cross section, eseentially the same limit established by 


eOry ie felt that when ts: mau-geeen delayed ccincidenoes are 
rut Inte coineidenee, the sbove eccidentale ecunting rate snovld 
decrease by at least » faeter of 106. If thie eongsrvstive eati- 
Gate is correet, one would get 1 event in about 10 mice. inis 


is the basie for the eatimaate made in Charter V of tne number of 
@ieea per run. 
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Martinelli. ~” 

A4e is remarked in Chapter V, the electromagnetic 
process, or the wWentzelian vrocess witn an integrated cross 
section of 107 °9 cn”, have a marginal deteotion probability 
with the MIT machine. It is interesting to note that if a 
factor of only 10 could be gained by a combination ef increase 
in bear intensity and Bbremmstranlung energy, observation could 
probably deciie whether the process is occurring or not. As 
a matter of fact, the detection efficiency may be increased 
&aimost this much over the minimum figure used for the yield 
Calculations, from the 2 devendence, and AW correlation 
effects mentioned in Chapter IV. If tnis be so, experimental 
runs in the MIT beam should be able to establish the process, 
if it does occur. 

If counting rates are obtained near the predicted 
values for the electromagnetic process, some method of sep- 
arating the relative contribution of the electromagnetic and 
wentzelian modes to tne rate will have to be established. It 
is possible that such a determination will have to await the 
building of machines of much higher energies and intensities. 

The author is very deeply indebted to Dr. Wattenberg 
and Dr. Feld for their active guidance, unCeasing interest, 
and genérous assistance in this worx. r, L. 8. Osborne, 


whose meson electronics were used in the preliminary experiments, 
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was unfailingly generous with hie time and helo. Sr. Carnen 
Fupi of the HIT machine 2aop skillfully censtructed the detect~ 
Ors. 

Hany thanks are algo due chhers of the Synchrotron 
Laboratory in particular: 4. Gdian, P. Jteiln, ©. Zlechiver, 
D. Gagliardi, J. Sesengren, and G. ‘ugh for their timely and 


succinct assistance. 
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APPERDIX A 
DETAILS OF DETECTC' CONSTRUCTICN 


CYCLOREXYLSENZENE SEALS: 

The sealing guskete were hand eut from a laboratory 
plastic, the name of which remained unknown zfter exhaustive 
ines ry. The material is a pliant sheet, 1/@ inch thick, 
with the interesting and useful properties of insclubility 
im cyclohexylbengene, but very good solubility in water. 

The gaskets were hand eut because of the diffieul ty 
of jigging for a lathe operation, and trouble with “oehatter- 
ing" tools, which rreduced ragged, and cff-size pieces. 

Ductility of the plastic is feirly good, but it 
postesses a very low compressibility, so that the 1/16 ineh 
threw for sealing preesure woe more than adequate. (The 


gasket grooves were milied to 1/16 ineh in the back plates.) 


ALUMINUM REFLECTOR LIKING: 

The interior bedies ef both inner and outer detectors 
were fully lined with @ mil Aluminum foil. The fcil was 
ponded to the brase with ARALDITE Cemround, No. 4VY, a resin 
manufactured by the CIBA Co. of New York City. 

The deteatorse were made up in preliminary form in 
four sections: 

Piece 1. Cuter wall and target end piece of outer 


aeteotor. 
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rsleee &@. Inner wall and back plate cf outer detector. 

Pleee 3. Cylinerieaxl walle end terget windew of inner 
cetecter. 

Fileee 4, Back plate of inner detector. 

The four pleces were completely seamed and soldered 
at their respective joints as for finished junctions. A 
atudy of the destription ef the fcur pieeee will show that 
@li interior surfaces sre accessible for anpniying the re- 
flector. Further, each pieces vas strengthened by the jolnts, 
so that the heat necessary to eure the ARALDITE did not warp 
then. 

Frior to aluminizing, the pertinent surfaces were 


washed down with ARC, in selution, feliewed by water rinses 


3 
and washing with alcohol to clean and degrease the surface 
for the resin. 

The cleves were heated to 135° ¢ in a teaperatlure 
regulated oven, then the ARALDITE, in stiek form, was applied 
by rubbing off a thin melt on the ket metal eurface. ‘The 
Aluminum was placed on the metal-melt surfsee and lightly 
roliegd with a cylindrieal glass tube to remove creases and 
bubbles as much as possible. The resin bonds were then cured 
for 12 houre at 126° ©. 

Chemical solubility of the S4RALDITE in eyclohexyl- 
benzene is not Krown, but several samples ware tested for 


apparent eolubllity by immersion in the scintillator liauid. 


The cured APALDITE exhibited no effeets whxtscever, 


MOJoeieR wetwe We BiATY eed bee Live vere’ ©) opel) 

eond 86 Wolsey Jeqeel be) etiew Di beniee 6e ewe) 

.7eeeseryh Yeti Ye Wialy donk =F opel’ 

Dewetion Las Daense BLNZe LOR yw REE AEC aT 
Oh Ane sz cme {) DaME LY ey Se FI NIRL OAT GH NER “Tem Ae 
(that eons Lids esamip une wos te merle peegens act te Ghose 
Aiwa] Aad Ti deren gre sae Seb) Cres mwTE A ereetT 
Thaw Tee Sih EI OELIE ar whee 82 PeHEEN FyAM on OMMy mB 
a iae™.4 = 
~ ghee AasktUn HmeEINY sy ONLSAREReLS TORT 
aN Ones GE HomR LENT joe te ler eT ume So ty 
POatebe bie SebeteDt baw wen le we Ihtoble Wik yoseney 
-_ ; O1ooT ame * 
inti © USL OF Meeay etEF aoOehe BAT 
BONG HOH AN HT KEK HE ATLA Ad WHET omen bee h KoRRe 
a castes Lame sy ens so 26,9 i8P a I9 
oe epee She og Paes oe 
eannar® exam of wdur vunly inosthaliyo + driv bettors 
Sevey Gods Pree Mee clers en? = 1cisleper on dom os 
2 “ast de atuet 

“Ceeeirtvin mf WTTLIMAA wl Ve cli tddacon eaten’ 

nal Redved wlme welhaten Deveves fed nwane ia +! cnesand 
Wap ll TH Ksesiminn Vat He aebevewe! 4 Wii dduton Jawtoane 

,Uereetets aeaatte ec bey etinee VOICI Rewve a7 
































> 


while the raw regain snowéd a tendency toward slight "wetting" 
efter & daye imtersion. Similar "wetting" oesurred in water. 

Ho eyidenee cf solubility wae seen, After 3 weeks cof immersion, 
the cured 4°ALDITE appeared untouched by tne Lieuld, whieh 


showed ne diacoloration or other physieal signs of solution. 


CYCLOHEAYLBENZENE 

The liquid was obtained comnereially from the MONSANTO 
CHEMICAL COMPANY Factory in %t. Louis, but 1t wae not known 
whsther in pure form or not. 

Furifiortion was accomplished by successive filter- 
ations through 25 inches of Aetivated Alumina (ALCOA), Mesh 


28-48, and 3 inches of glass wool. 
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AL; WMDAX B 


CRDER OF MAGNITUDE RSTIMAYE OF THE NUMBER OF EFPFLCTIVE FPHOTORS 
AD THR PHOTO=-CATHODE, PEAR HEV LOST 

This ealeunla¢ion is earried out for the outer detector 
of each eystem (the electron detector) which has a total photo- 
Gathode surface of four 5819 tubes (8 square inehes). The 
walle of the detector are lined with reflecting foil. 

Conaider Figure 8-1, a section in a olane containing 
the axis of symmetry of the detector system. Fhotons preduced 
at P have a random Gietribution in direction. Becnuse of the 
toroidal geometry of the 
aetual Geteector, the cal- 
culation is probably not 


completely accurate, but 





since moet of the peripheral 


Fie 8-/ 


refleetions will be at large 
angles, it ie felt that the results will be highly indioative. 
Let ug assume that the photens emitted in solid anglee 
A and B above, are in the acceptance cone, and that they com 
prise about 1/3 of the total solid angle. 
Then, taxing the refleetion coefficient for the aluminum 


reflector as 8," the fraction of the photens collected after 





Most handbooks give for the refleetivity about .9. We 
take .8 to account for the creases and folds in the refleetor 
which produce non-predictable refleation directions. 
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4 


reflections, is, for cone P: 1/6 C8 atl .@) pr 8) ge... ee] 
rh N A 


where a ia the total area of the four rhetocatnotes and A 
Sa the area cf the back walls inate’ which the ~netotubes are 


inset. 


fhe factor (,3)" ia tre Giwinution of intensity of the 
photon group for n reflestions. (The energy lores, for 3 ev 
photons, ia due to ebeerption et reflection only.) 

Tne fraction colleeted from cone = ie: 

”» 
ek tee + 6m t Ree ci cl 
A A A 
The total fraction collected from cone ‘ and 5&5 ise: 


oo 


f= 1/6 | (.8)"q = 1/6 alma)" 94 


Pa] 
as YX 7T on”, the area of 4 photoecathedes 


% =7x(9. 4° a8, 47) om”, the area of the hack 
face, for a toroidal eyelinder of 3 ineh 
Yradiel thickness. 


 —— aN 


§ ~~ FF man tee 
A W12.4=8.4 RAe dh] = 3 - C85 
fz 5/6 = §/6(.085) «= .o709 
Now let us reduce this by a factor cf 2 to take ageount 


of the clreumferential reflection posagibilities, suen tha t: 


{' = .0709 = oxs5 


We take the acintillator conversion efficiency as about 
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-0O5, for converting energy te light; am the phetoosthode 

efficiency as about 1/10, for the freetion ef incident 

photons that produce setondsry slectrens at the satnode. 
kow, per Mey of energy lowe, the «expected number of 


3 ev quanta produced with conversion efficteney of .005 La: 


(p = 10° x 005 = 1687 





The number collested in the rroes cathods area per 
Mey is then: 
ioe f' %O-= .0355 x 1667 © §9 
wWhenee, soplying the photo-cethode efficiency of 
1/10 gives, for the number of secondaries produced rer Mev 


lost: 
NM, = 60 x 1/10 = 642 per Nev. 
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APPENDIX C 
APPROAIMATE GALCULATICN FOR EFFICIENCY FACTOR 7] 


Consider an infinltely-long eyclindrical meson detect- 
or, aurrounded by a hollew toroidal cylinder for electron de 
inbtace. 

fe ageume Gudbard's ope etren, = 

the criteria for exit of the deoay electron will be 
Bleply the deoay energy and the relative position in the de- 
tector at decay. 

Tae approximate caleulation is asdée for the special 
ease of center line deeay, for a detector of average radius, 
2.5 inches. The density of the cyclohexylbenzene is taken ae 
8 gus per on’, i1.@. the average redial thiexness denoted 
below by “a” is 2.5 x 2.54 x .8 = 5.8 gms. 

The electron epectrum for the decay is teken from 


Hubbard: 
f (eae = an os [(WaE) ¢ 2/9 © (aE~34)) C-1 
where @ is ¥ eh DArameter determined by the 


amounts cf the various interactione 


causing mu meson decay." Hubbard's 





1, correction must be geade te the oxziculation with the 
infinite oylinder for the lose of decay eleotrons in the solid 
angle subtended by tne front face--wherein there ia no outer 
detector volume. Ye will take .& of the result as an estimate 
for this ena effest. 
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results show good agreement with theory for = .26. 
We take ¢ here to be = .25, and combine the bracket to: 
(W-E) + 2/9(.25) (4-3W) = (W-E) + .228-,19" 
or (,83%-.78£) & .8 (W-z) 
or £(E)de @ ab 9.6/w* B* (wz) c-2 


where We ac = 85 Kev. 


é 


The number in energy interwal 4h at Big f(E). The 
Calculation assumes emivsion from the decay position in «a 
random direction. 

The Gdireetion of emission for a given energy determines 
how far the electron will travel before atopping. Assuming 
that the minimum ionization losa of 2 Mew per gu. occurs 
throughout the trenmait, the direction of omiasion relative 
to the axis uniquely determines whether or not the decay 


electron can oxit the center detector. Consider Pigure G-L. 


Y ie the direation of emiasion. 


& is the average radial thickness 


in Bias e 





Fie C-/ 


Then the electron loees:? 


ge'(r) = 2x 9, Mev in exiting (r in gma) G3 
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Allowing 4 wev @zeess for lowe ir cuble wall taicke 
m088, ai ionization in the outer detector, ‘etectable eles- 


trom Buet have energy: 


g(rj te ce x ft +4) ny 
or ge) = 2.4. + * ov | 
cos 


. a) 
Let p= JAY fy fE) SE 


where U is the “useful® energy of the apectrua 
for Aetection of the decay electron, as a 
function of the lower limit @f@). 
fhe fraction of the spectrum energy available ac “use- 


ful* energy is: 





W é 
~ > fay f £1 EAE = a0 sind E(w 0-5 
o fav Reyer dO sin O/h” ( W~E) az 
J 0 f S 
The integral / gE“(¥-E)aB = (s-¥ - e) 
3 4 
: WwW _ FW _ y 
whereupont U _ Seine ae a IS C-6 
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fine ae (x4) 
12 


= 
r ly S49 2,9? 
OF, -? Sin OAS O ] / — wad _ ot C7 


0 J" sn0d8 
| @ . A mS 9 
or, ‘ 2» in wh Sin & ASO yd wid a8 
'o 7 
Sin OX°O 
| ie 


where the upper limit of the volume integration cf the 
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numerstor is teken ae @, the limiting 
angle cf emiesion, for whieh an electron 
with the meaximun srectrum energy could 
escape, 1.@.: @(G)?} » +4 2 55 Kev 
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cos @ = 22/51 = .227 
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figure le 2ecreased by rexeon -f nuon-centerline decay. supsoee 
thet the deeay eleetron were acno-energetic, muaving Just enough 
energy to produce a pulse in the outer detector, if it nas 
decayed on the centerline and been euwltted normal to the de- 
teotor axia. <A curve like Figure +2 would represent the 
fraction of these normal-inelcenss, sacno-energetio electrons 
thet preduce 4 pulse, as a funsticn of the radial diatance 

from the eenter line at decay.” vk course the degay elec- 
trona G@o not all come of f normally, nor from senter line. 

For » cyclohexylbenzene-filled cylinder of 3 inenese rediua, 

@ relativistic eleetron will lowe on the order of lé@ Kev exist- 
ing normally from the centerline. integration of equation 

G-2 ghowa thet less than 14 of the total number of decay 


electrons have leas Kinetic energy than 12 ev. 


$ractio n 
that 
exsv 





3 . 
The qualitative shape ef this curve may he geen by 


coneicgering the problem of two disks of equal arez “nose 
centere move, from conjunction, te a adistanoe equal te tae 
radius. The area common to the two diake expressed ag a 
fraction of the area of cne, ecorreavonde to cur fraction that 
produce a pulse. 
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For normal incidense deeay, en electron with greater 
than about 24 Bev vill be ole te exit the inner detector from 
any yoint in it. In other words, if #1) eleetrons heving 
greater then 24 Mey kinetie energy are normally incident, they 
will leave the deteetor; adding 4 Mer for nenetration of the 
dcuble wall, ani energy lose in the outer deteetor, “normal" 
electrons having creater than 28 Mev will all be counted. 

The fraction of the deoay electrons having greater than 28 
Mev ia .675. 

The fraction of eleetronms Aaving lees then i6 Nev ie 
about .09 (18 Mey te the energy neoessary to just exlt normal~ 
ly from the center line with 4 Mav excera). 

The energy epzotran then ecnatains three regions of 
interest for these noranl ineidence decaye: 

1. Kimetio energy lese than 18 Mev. 
2, Finetle energy between 16 Kev and 28 Mey. 
3S. Kinetic energy greater then 28 Mev. 

in group 1, many decay electrons will not be energetie 
enough te be cewnted. Let ue take thet 1/4 of sll the normal 
Geeays in group l are energetically countable. 

The fraation cf decay electrons in group < that will 
be counted is certainly greater than .5 (see Pigure C-2), 
ang le weighted teward « higher fraction, because of the 
greater likelihee’ for higher energies than low, in this 


range. Let us take that shout .8 ia the freetion gollested from 
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an group 3, ecliection of the total greur is indicated, 
et least Cor normal ineisense deasy. 

The ecaebined collection fraétion fr normal ined dence 
decay le then about 88 for the tovel epeotram. 

Lot wr Gecly taie feetor to extend the evaluation cf 
U/U, to a fair approximation fer the whels volume. 
The factor 7 then becomes: 


Me = .8664 x .68 x .B8 = 809 


and y= 37 Ga16 
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TAULE Vai 


Ema x Oman x max Eng n 
560 280 3.87 2.62 
240 280 Oe l8 2982 
530 230 2, 0% 2.62 
350 280 went Qe 45 
540 269 é.1a Be%O 
SSO 286 Se08 | ie 45 
286 240 b, @? S.24 
E40 £49 5.168 2.24 

240 3.09 2.24 
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The last column 1.12 x 1" refleets the 12% plus 


taken a8 an average correction for the range of kK in the 


integrations. 
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Crosse seetien for the electromagnetio production 
of mu meson pairs from Hough's formulae, taza extrapolated 
to this rrecees frez esleatrente mare. «© dependence taken to 
be linear as a lower Liwit, 41.6., comlete incoherance 
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the quantum “oO “ev O40 Mev 360 Sey 250 Mev 260 Mev 
Be 72d 6. 43/6.2 4.27 1.63 o 687 
C 10.88 9.49/9.3 8.17 Bo 44 i.G3 
Al 2805 20.85/21 17,7 G.27 Coed 
Cu 52.5 46.9/44.9 23.6 10.9 4.97 








The values under the slant sign for 340 “ev are the 
eross s¢ecticne as per Besthe-Heltler maas extrepoleted, with 


linear « dependence. 
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FUNNELLING EFFECT UPON SUCCESSIVE FREFLECTIONS /N 
INNER DETECTOR. THE ILLUSTRATION 1S FOR COPLANAR 


REFLECTION ~WNOT NECESSARILY TAHUE FOR THE DESIGN 
DETECTORS. THE FAOTATION OF FEFLECTIONS IN THE 
CYLINDRICAL GEOMETRY ALTERS THE EFFECT QUANTITATIVELY. 


mo 2 APF. E 





FUNNELING EFFECT UPON SUCCESSIVE AEFLECTIONS /N 
OUTER DETECTOR. SEE REMARKS OF FIG / AfTOFOS 
NON COPLANAR FfEFLECTION . 
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68N6 HESFONSE TESTING 
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68BN6 RESOLVING TIME 
COINCIDENCE RATE FR ( PROPORTIONAL TO RATE PER 
EQUIVALENT QUANTA) VS S/GNAL DELAY VbING 
COINCIDENCE GEOMETRY OETECTORS COUNTING REAL 
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